This paper describes t h e m o d i f i c a t i o n s c u r r e n t l y underway t o t h e Langley 8-Foot High Temperature Tunnel t o produce a new, unique n a t i o n a l resource for t e s t i n g o f hypersonic a i r -b r e a t h i n g p r o p u l s i o n systems. The c u r r e n t tunnel, which has been used f o r aerothermal loads and s t r u c t u r e s research since i t s inception, i s being modified w i t h t h e a d d i t i o n o f a LOX system t o b r i n g t h e oxygen content o f t h e t e s t medium up t o t h a t o f a i r , t h e a d d i t i o n o f a l t e r n a t e Mach number c a p a b i l i t y (4 and
5)
t o augment t h e c u r r e n t M = 7 c a p a b i l i t y , improvements t o t h e tunnel hardware t o reduce maintenance downtime, t h e a d d i t i o n o f a hydrogen system t o a l l o w t h e t e s t i n g o f hydrogen powered engines, and a new data system t o increase both t h e q u a n t i t y and q u a l i t y o f the data obtained. The paper discusses both t h e m o d i f i c a t i o n s and the development thereof. INTROOUCTION I n t h e past several years t h e r e has been a resurgent i n t e r e s t i n hypersonics. This i s p a r t i c u l a r l y evidenced by t h e N a t i o n a l Aerospace Plane program (NASP see r e f . 1). I n order t o meet t h e goal o f t h e NASP program o f developing t h e technology t o enable t h e c o n s t r u c t i o n of an aerospace v e h i c l e which w i l l be able t o take o f f h o r i z o n t a l l y and reach o r b i t s i g n i f i c a n t research must be conducted t o develop and v a l i d a t e t h i s technology. important areas of research f o r development o f t h e NASP and an upcoming generation of high speed a i r -b r e a t h i n g v e h i c l e s w i l l be t h a t o f developing and r e f i n i n g the propulsion system and i t s i n t e g r a t i o n i n t o t h e vehicle. conduct t h i s research there must be f a c i l i t i e s a v a i l a b l e w i t h c a p a b i l i t i e s t o adequately simulate t h e proper f l i g h t environments across t h e speed range t h e vehicles w i l l encounter from low subsonic through h i g h hypersonic. I n order t o meet t h e need f o r p r o p u l s i o n t e s t i n g i n t h e That i s , t h e r e a r e r e a l gas e f f e c t s and some o f the water from t h e combustion process condenses i n t h e products o f combustion t e s t medium. Recent unpublished c a l c u l a t i o n s by Erickson o f Langley i n d i c a t e t h a t t h e condensation occurs about 19 ft. from t h e t h r o a t and t h a t t h e r e s u l t i n g water d r o p l e t s are about 1 micron i n diameter. Condensation i s g r e a t e s t a t low temperatures and h i g h pressures and e s s e n t i a l l y disappears a t h i g h temperatures and low pressures. which w i l l be discussed l a t e r . I n order t o f a c i l i t a t e s t a r t i n g t h e tunnel and t o protect models from s t a r t -u p and shut-down dynamic loads, models under t e s t are stored beneath the t e s t s e c t i o n and i n s e r t e d i n t o the stream a f t e r steady-state hypersonic f l o w has been established.
A hydraulic e l e v a t o r system i s used t o i n s e r t the model i n t o t h e t e s t section from i t s storage p o s i t i o n i n as l i t t l e as 1 second, s u b j e c t i n g t h e model t o an a c c e l e r a t i o n of a t most 2 g's. of f i g u r e 2 i s a flow survey rake which resembles a large windshield wiper. The raKE, which i s pneumatically operated, can accomodate up t o 37 interchangeable probes ( i .e. temperature, pressure, gas sampling, heat f l u x ) and can provide a f l o w f i e l d survey a t any preselected l o n g i t u d i n a l p o s i t i o n i n t h e t e s t s e c t i o n e i t h e r immediately p r i o r t o model i n s e r t i o n o r immediately a f t e r model removal.
In a d d i t i o n t o the c a p a b i l i t y o f i n j e c t i n g a "cold" model i n t o t h e h o t stream ( c o l d wall condition), t h e tunnel has a radiant preheating apparatus which can be used t o preheat t h e model w h i l e i t resides below the t e s t s e c t i o n t o simulate conditions where t h e v e h i c l e has been i n f l i g h t a t high Mach numbers f o r a p e r i o d o f t i m e (hot w a l l c o n d i t i o n ) . Also v i s i b l e i n t h e upper r i g h t corner scale, f l i g h t weight, hydrogen cooled s t r u c t u r a l assembly model (SAM) o f t h e hypersonic research engine (HRE) was t e s t e d as shown i n f i g u r e 4 (ref.
3). This model was approximately 7.5 ft. long w i t h a cowl i n l e t diameter o f 18 i n . and a maximum diameter o f 25 i n . The model, which featured an i n t r i c a t e hydrogen c o o l i n g system, was exposed t o a t o t a l o f approximately 30 min. of hypersonic f l i g h t environment and 55 thermal cycles. It would have been desireable t o i n v e s t i g a t e engine operation during t h i s time period, however, as mentioned before, t h e oxygen d e f i c i e n t t e s t medium precluded f u r t h e r combustion. To p r o p e r l y t e s t hypersonic a i r c r a f t engines and a foreseen generation o f h i g h speed a i r -b r e a t h i n g missiles, t h e oxygen d e f i c i t i n t h e t e s t gas must be a l l e v i However, f o r Mach numbers greater than t h i s t h e r e i s a d e f i n i t e need f o r a d d i t i o n a l t e s t c a p a b i l i t y . The large cross-hatched block i n the center o f the f i g u r e i n d i c a t e s t h e t e s t range f o r t h e 8-Foot High Temperature Tunnel w i t h i t s c u r r e n t Mach number c a p a b i l i t y . This c a p a b i l i t y covers the M = 6 t o 7 range very w e l l . However, t h e r e i s s t i l l a need t o f i l l i n t h e t e s t coveyage between t h e AEOC f a c i l i t i e s and t h e 8 HTT. To f i l l i n t h i s gap the 8-Foot High Temperature Tunnel m o d i f i c a t i o n p r o j e c t w i l l add t h e c a p a b i l i t y t o t e s t a t a l t e r n a t e Mach numbers ( 4 and 5).
These t e s t c a p a b i l i t i e s are shown by t h e two t h i n blocks i n t h e center o f t h e f i g u r e . With t h e AEDC f a c i l i t i e s and t h e 8 ' HTT t h e r e w i l l e x i s t f a c i l i t i e s capable o f t e s t i n g a i r -b r e a t h i n g hypersonic p r o p u l s i o n systems from take o f f up through M = 7. It must be noted t h a t the f u l l 8 ' HTT t e s t c a p a b i l i t y w i l l not be a v a i l a b l e w i t h oxygen enrichment. The tunnel can operate a t combustor t o t a l pressures up t o about 4000 psia, but t h e run tank t o be used i n t h e l i q u i d oxygen system i s surplus A i r Force Rocket Propulsion Laboratory equipment ( t o save money) and can o n l y be used up t o about 2300 psia. This w i l l y i e l d a reduced . 1 low a l t i t u d e s i m u l a t i o n c a p a b i l i t y as shown by t h e dashed l i n e on f i g u r e 5.
Use o f Oxygen Enriched Combustion
Products as a Test Medium.
Perhaps t h e greatest concern when considering t h e use o f a f a c i l i t y , which u t i l i z e s combustion t o produce t h e necessary h i g h enthalpy l e v e l s r e q u i r e d f o r t r u e f l i g h t simulation, i s t h a t t h e products o f combustion t e s t medium (even when oxygen enriched) w i l l not y i e l d r e s u l t s a p p l i c a b l e t o f l i g h t i n a i r . This i s p a r t i c u l a r l y t r u e when engine operation i s under study since t h e r e w i l l be e f f e c t s o f t h e a d d i t i o n a l chemical species from t h e combustion process used t o heat t h e t e s t medium on the burning i n t h e t e s t engine. The s u i t a b i l i t y o f using products Of combustion as a t e s t medium f o r research not i n v o l v i n g engine operarion ( w i t h p a r t i c u l a r regard t o t h e 8 HTT) was i n v e s t i g a t e d i n considerable d e t a i l and r e p o r t e d i n reference 4. from t h a t i n v e s t i g a t i o n was t h a t t h e most important consideration i n using products o f combustion as a t e s t medium was t h e condensation o f water vapor. The condensation o f water vapor can have a s i g n i f i c a n t e f f e c t on t h e t e s t s e c t i o n flow parameters, p a r t i c u l a r l y i f t h e temperature i s low enough. However, i f t h e t e s t stream conditior,; are measured i n t h e t e s t s e c t i o n and proper values o f t h e thermodynamic and t r a n s p o r t p r o p e r t i e s o f t h e combustion are used i n t h e data reduction good c o r r e l a t i o n can be obtained both w i t h theory and w i t h experimental r e s u l t s measured i n a i r .
The The conclusion
As can D e s c r i p t i o n o f Tunnel M o d i f i c a t i o n s and Development Thereof
A photograph o f a scale model o f t h e &Foot High Temperature Tunnel i s shown i n f i g u r e 7. I d e n t i f i e d i n t h i s f i g u r e a r e t h e major components of t h e tunnel. These components w i l l be described and t h e i r development discussed i n t h e f o l l o w i n g f i g u r e s s t a r t i n g w i t h t h e combustor ( c e n t e r -r i g h t o f t h e f i g u r e ) and proceeding i n the general d i r e c t i o n o f t h e flow.
Combustor, LOX, and f u e l systems. -A cross-sectional drawing o f t h e combustor i n which t h e h o t t e s t g a s -i s generated and i n which t h e oxygen w i l l be added i s shown i n f i g u r e 8. High pressure a i r from the 6000 p s i storage f i e l d i s introduced through a t o r u s a t t h e upstream end o f t h e combustor. To p r o t e c t t h e carbon s t e e l combustor pressure vessel from t h e h o t combustion gases t h e a i r flows t o t h e downstream end of t h e combustor i n t h e annular space between t h e pressure vessel and an outer s t a i n l e s s s t e e l l i n e r where i t t u r n s 180' and flows back upstream i n t h e annular space between t h e outer l i n e r and an i n n e r n i c k e l l i n e r t o approximately t h e mid p o i n t o f the combustor. A t t h i s p o i n t t h e inner l i n e r terminates and t h e a i r i s dumped i n t o t h e 3-foot diameter c e n t r a l p o r t i o n o f the combustor. Also, t h i s p o i n t i s the proposed l o c a t i o n f o r the LOX spray apparatus (see f i g u r e ) .
The LOX system i s designed w i t h a 28,000 gal. low pressure storage tank and an 8,000 gal. run tank capable o f d e l i v e r i n g 150 lbs./sec. f o r a maximum r u n time o f 3 minutes. As mentioned previously, the run tank was obtained as surplus equipment from t h e A i r Force Rocket Propulsion Laboatory. Although the s u r p l u s tank r e s u l t s i n a considerable cost saving, t h e 2300 p s i pressure r a t i n g of the tank i s not as h i g h as desired. Because o f t h i s pressure l i m i t a t i o n , t h e f a c i l i t y o p e r a t i n g w i t h oxygen enrichment w i l l be l i m i t e d t o a maximum dynamic pressure of about 1800 p s f o r minimum simulated a l t i t u d e s of approximately 60,000 f t . a t M = 4, 70,000 ft. a t M = 5, and 90,000 f t . a t M = 7. To provide f o r f u t u r e growth a l l the p i p i n g and v a l v i n g w i l l be designed f o r 5000 p s i operat ion.
To provide f i r s t -h a n d experience i n handling oxygen and t o develop o p e r a t i o n a l procedures a mock-up o f a p r e v i o u l y proposed LOX i n j e c t i o n system was i n s t a l l e d i n t h e Langley 7" HTT which i s t h e p i l o t f a c i l i t y f o r t h e 8 ' HTT. This i n v e s t i g a t i o n provided valuable experience i n handling cryogenic f l u i d s .
It a l s o showed t h a t t h e i n j e c t i o n o f oxygen d i d not introduce any l a r g e transients, i n f a c t , much o f t h e noise introduced i n t o t h e f l o w by the combustor was attenuated ( a r e d u c t i o n o f from 30-40%). The a t t e n u a t i o n was due t o a s i g n i f i c a n t increase i n t h e e f f i c i e n c y o f methane combustion. However, t h e resu l t i n g higher temperature o p e r a t i o n coupled w i t h an apparent upstream movement o f t h e flame f r o n t overheated t h e f u e l spray bar. This problem was overcome i n t h e p i l o t f a c i l i t y by s l i g h t l y increasing t h e f u e l pressure and by using an a l l welded Inconel 625 i n j e c t t r . a n t i c i p a t e d t h a t s i m i l a r be required i n the f u l l scale f a c i l i t y . t r a n s p i r a t i o n f l u i d ( i n t h i s case a i r ) ( r e f . 8). I n t h i s concept, h y d r a u l i c passages are photoetched on t h i n sheets ( p l a t e l e t s ) . The p l a t e l e t s vary i n thickness and are bonded together i n sections w i t h t h e i n j e c t i o n s l o t s i z e and mass flow p r o p o r t i o n a l t o the l o c a l heat f l u x . The design technique involves c a l c u l a t i n g t h e surface conditions and gas chemistry, then determining t h e w a l l heat t r a n s f e r rate, and l a s t l y c a l c u l a t i n g t h e t r a n s p i r a t i o n coolant f l o w t o maintain t h e w a l l a t t h e desired temperature. The design mass f l o w f o r the t r a n s p i r a t i o n cooled approach s e c t i o n and nozzle t h r o a t i s about h a l f o f t h a t c u r r e n t l y used f o r j u s t f i l m c o o l i n g t h e t h r o a t . f l o w r a t e w i l l be r e f l e c t e d i n an increase i n t h e hot gas f l o w i n g through t h e nozzle, a r e d u c t i o n i n condensation losses, a l a r g e r region o f uniform temperature i n t h e t e s t section, and an increase i n run time. The a c t u a l q u a n t i t y o f t r a n s p i r a t i o n c o o l i n g a i r f l o w w i l l have t o be determined experimentally, however, i t has been c a l c u l a t e d t h a t up t o 3 times t h e t h e o r e t i c a l design value could be i n j e c t e d before the t h r o a t boundary layer would be blown o f f t h e surface. The t h r o a t .
If a l a r g e r t h r o a t would have been used i t would have been more d i f f i c u l t t o maintain combustion i n the combustor due t o t h e increased f l o w v e l o c i t y necessary t o pass t h e increased mass f l o w f o r t h e lower
Mach number conditions. I n addition, t h e mixer approach faCi l i t a t e s changing Mach numbers since t h e a l t e r n a t e Mach number nozzles now do not have t o be cooled.
(The mixed f l o w f o r t h e lower Mach numbers i s s u f f i c i e n t l y cool t o a l l o w use o f a heat sink design f o r t h e a l t e r n a t e Mach number nozzle throats.)
There was i n i t a l l y a concern t h a t i t would be necessary shown i n f i g u r e 14. T'ie o n l y s i g n i f i c a n t difference, between the design f o r t h e f u l l scale t u n n e l and t h a t developed f o r t h e p i l o t tunnel, i s t h a t t h e f u l l scale t u n n e l w i l l have an a d d i t i o n a l s e t o f t a n g e n t i a l and normal i n j e c t o r s i n the supersonic d i f f u s e r . Operational Boundaries. -During mixer development work i n the I " HTT p i l o t f a c i l i t y i t was found t h a t the tunnel would not s t a r t a t t h e a l t e r n a t e Mach numbers using the standard s t a r t i n g procedure. From studying h i g h speed shadowgraphs o f t h e s t a r t it was observed t h a t the d i f f u s e r could not capture the s t a r t i n g Mach d i s c which then grew i n diameter w i t h t i m e i n t h e t e s t section. This phenomenon y i e l d e d two e f f e c t s which combined t o preclude t h e f l o w from s t a r t i n g . That i s , t h e Mach d i s c produced a very large pressure loss which lowered the compression r a t i o a v a i l a b l e for s t a r t i n g and. since t h e Mach d i s c grew i n diameter w i t h time, t h e mass f l o w passing through t h e Mach disc a l s o grew w i t h t i m e ( t h e mass f l o w was increasing from zero toward t h e steady-state r u n amount which i s s i g n i f i c a n t l y greater f o r t h e a l t e r n a t e long, open j e t t e s t section w i 11 a1 low the t e s t i n g o f large models w i t h operating engines over s i g n i f i c a n t angle o f attack and s i d e s l i p ranges. A t y p i c a l , l a r g e scale model o f an a i r -b r e a t h i n g missile i s shown i n f i g u r e 18 t o i l l u s t r a t e how configurations, which u t i l i z e t h e forebody as p a r t o f t h e i n l e t compression system, can be t e s t e d i n l a r g e enough scaie t o evaluate component i n t e r a c t i o n s w i t h an operating engine. l a r g e configurations, the t e s t s e c t i o n size, w h i l e n o t allowing t h e t e s t i n g o f a fLJ11 c o n f i g u r a t i o n model w i t h engines operating a t a large scale, w i l l a l l o w t h e i n v e s t i g a t i o n o f the p o t e n t i a l l y c r i t i c a l i n t e r a c t i o n s between m u l t i p l e engine modules a t angles o f attack and yaw ( p a r t i c u l a r l y important i n t h e event o f an i n l e t u n s t a r t ) ; the e f f e c t s of engine scale on performance; and t h e performance o f t h e afterbody as a nozzle expansion surface. I n addition, t h e tunnel w i l l provide t h e c a p a b i l i t y t o evaluate the, g e n e r a l l y unscalable, t h e r m a l / s t r u c t u r a l performance o f t h e f l i g h t weight, f u e l cooled engine s t r u c t u r e s a t e s s e n t i a l l y f u l l size. A m u l t i p l e scramjet engine module concept i s shown i n s t a l l e d i n t h e tunnel i n t h e sketch o f f i g u r e 19. channel or against time. Again, it i s a n t i c i p a t e d t h a t o n l y 1 or 2 o f these pages w i l l be displayed d u r i n g the run and t h e others w i l l be a v a i l a b l e a f t e r t h e run. Once t h e data have been acquired t h e y w i l l be t r a n s f e r r e d a f t e r t h e run t o a data r e d u c t i o n host processor c o n s i s t i n g o f 2 D i g i t a l Equipment Corp. VAX 32 b i t computers (Models 8530 and 8550).
The VAXes w i l l then be used f o r f i n a l data reduct i o n (eng i neer i n g u n i t s , h e a t i n g rates, F o u r i e r transforms, s t a t i s t i c a l analyis, etc.).
There w i l l a l s o be t h e c a p a b i l i t y t o generate data a n a l y s i s p l o t s , p r i n t -o u t s , data tapes f o r t r a n s m i t t a l , and whatever other necessary COmpUtatiOnS are desired i n c l u d i n g accomodations f o r user generated software. Heaters r e t m t e t l neat Ing F i g u r e 3.-8-Foot High Temperature Tunnel r a d i a n t preheating apparatus. 
